ABSTRACT. The recovery of benzene, toluene and xylene isomers, conlmanly known as BTX, from catalytically reformed naphthas of three different Saudi Arabian refineries was studied by using liquid-liquid extraction in a single batch process. The effects of temperature, solvent to feed ratio, and feed composition on yield and selectivity were investigated with two solvents, namely sulfolane and diethylene glycol. A comparison among the platformates of the three different refineries in terms of yield, has shown that the Petromin-ShelJ Refinery in AI-Jubail has the most suitable naphtha for the extraction of BTX aromatics.
I. Introduction
The light aromatics that were studied in this work, i.e. benzene, toluene and xylenes are considered as back bones for the manufacture of many petrochemical products. Further information on their importance and versatility can be found in the literature [1] [2] [3] . Bl'X hydrocarbons are present in straight, run petroleum fractions in small quantities. For instance, the benzene, toluene, and xylene content of most straightrun gasolines of end point 150 a C does not total rnore than 10-12 percent. Some crudes, however, contain up to 6 percent aromatics. 'Naphthenes, on the other hand, are present in many gasolines to the extent of 50 weight percent[41.
Straight separation of aromatics from petroleum is not recommended as an attractive proposition because of their low concentrations which result in low yield. In addition, the difficulty of separating them frOITI napthenes of similar boiling range lOt poses another problem. Most of the processes for the production of aromatics from petroleum, therefore, include methods of converting naphthenes and paraffins to aromatics first with dehydrogenation processes generally called catalytic reforming l5 ]. Most recent catalytic reformers employ platinum containing catalysts; a nonregenerative process is called platforming, while a regenerative one is called ultraforming l61 . The earliest large scale process used to separate BTX from non-aromatics was straight distillation, since a large number of homogeneous binary azeotropes exist between aliphatic and aromatic hydrocarbons [7, 8] . This results in a great deal of benzene being lost in light ends. The recovery of pure aromatics is also prevented by their low relative volatilities compared with those of several aliphatics.
Silica gel can seletively adsorb aromatics from hydrocarbons mixtures by a process known commercially as Arosorb Process l9 ]. However, this process is of little significance today. In the 1940's, phenol was used as a suitable solvent for increasing benzene recovery and purity in extractive distillation [ lO] . Phenol also proved to be suitable for extractive distillation of toluene, while cresol was preferred for xylene. In the early 1950's, the Udex (Universal Diethylene Glycol) extraction process came into commercial existence and began to take over the separation problem of aromatics. The Udex process in which a liquid-liquid extraction of aromatics with diethylene glycol as solvent takes place, was originated by the Dow Chemical Company and later, its licensing was handled by the Universal Oil Products Company[1I].
The sulfur dioxide extraction, a process also known as Edeleanu Process, is applied to a wide variety of feed stocks at variable operating temperatures [ 12] . The solvent recovery techniques for this process were sufficiently advanced to permit a wide use of this methodl I3 ]. In 1959, the Shell Development Company tested a new solvent, sulfolane, as a substitute for diethylene glycol. Bench scale and pilot plant data have indicated its superiority over DEGl14]. This process is licensed worldwide by the Universal Oil Products Company (u.a.p.). Diethylene glycol can be used as a solvent in the extractive distillation of mixed alcohols with low carbon content[15j. Addition of diethylene glycol to other solvents like ethylene glycol or N-methylpyrrolidone increases the extraction capacity, but decreases/or increases selectivity depending on its amount P6 ]. Recovery of high purity aromatics using N-formylmorpholine had been studied in India, and found that this new process technology proved to be more economical (17] .
Present separation methods for recovery of aromatics from hydrocarbon streams use liquid-liquid extraction, and most of the processes in the United States refineries use either polygiycols or sulfolane as the extracting solvent l18 1. In this study, the yield and selectivity of a relatively new solvent, sulfolane, were compared with those of DEG. To achieve our objectives, catalytically upgraded platformates from Petromin Refinery in Jeddah, Petromin Refinery in Riyadh and Petromin-Shell Refinery in AI-Jubail in Saudi·-Arabia, were used as feed stocks in the experiments.
Experimental System
Extraction operations were carried out in a single stage batch apparatus of a Corn-ing vacuum rotary evaporator type 349/2(191. Mixing of 500 ml of sample was carried out in a I-liter round-bottom glass flask of the rotavapor which had an adjustable speed range between 50 to L50 rpm. For heating purposes, the rotating flask was immersed in an oil bath, heated to a desired temperature. The apparatus is shown in Fig. 1 . The separation of solvent-phase, upon mixing and extraction, was carried out with a separatory funnel. The aromatics were recovered from the separated solvent layer (extract) by distillation in the rotavapor , which was connected to a vacuum pump for vacuum distillation (50.81 K pascal of vacuum). Since aromatics were the lower boiling compounds, having lower densities than the solvent used, they were boiled away rather easily and a water-cooled condenser was used to condense the aromatics' vapors in liquid form which, in turn, were collected in another receiver flask. Distillation was carried out at temperatures at least 25°C above the highest boiling point component in order to ensure that there was no trap of any hydrocarbons in the solvent-rich phase. Due to the wide gap between distillation temperature and solvent boiling points (at least 100°C), no traces of solvent were found in the condensate of distilled aromatics.
The physical and chemical compositions of the platformates which are used as raw materials and the analysis of their aromatic contents are given in Table ] . The gas chromatograph employed for the analysis was a Hewlett-Packard 5840-A model. It had a molecular sieve column with a thermal conductivity detector. Helium was used as the carrier gas. Calibration curves for the components to be analysed had to be prepared prior to any quantitative analysis of samples obtained from extraction experiments. The internal standardization method was used in the preparation of calibration curves. For this reason iso-octane was chosen as the standard substance and the yield values contained up to 25 0 10 iso-octane, even though they were solvent free.
Solutions with different compositions of aromatics and iso-octane were prepared, and gas-chromatographed. For the extraction operations, several batches with different compositions of a particular platformate and DEG or sulfolane were prepared and mixed for 12-13 hours. Then they were transferred into a separatory funnel for complete separation of layers. The two layers were the solvent-rich aromatics containing phase, and the upper layer, the praffin-rich, solvent-free raffinate. The aromatics were then distilled off the solvent layers with the rotavapor and collected as condensate for the gas chromatographic analysis. The general flow diagram of these experiments are shown in I~ig. 2. Extraction operations were carried out for 5 different solvent to feed ratios at 3 different temperatures using both DEG and sulfolane as solvents. 
Results and Discussion
The total aromatic contents of the three different platformates studied in this work lie between 35 and 63 percent, as shown in Table 1 . The obtained gas-chromatographic results were in good agreement with those supplied by the refineries. The aromatic-rich solvent phase is commonly known as the extract, and its weight is directly proportional to the yield.
The percentage yield values are plotted against temperature with the solvent to feed ratio as a parameter in Fig. 3 and 4 for diethylene glycol and sulfolane, respectively. In both of these figures, it can be seen that for a constant solvent to feed ratio the yield at first increases slowly with temperature. This is followed by a rapid increase at higher temperatures. The increase in the slopes of these curves is more enhanced at higher solvent to feed ratios. A'comparison of the yield obtained for diethylene glycol and sulfolane shows that for the same operating conditions sulfol~ne gives higher yields than DEG. This is due to the fact that aromatics are more soluble in sulfolane than in DEG, as has been mentioned in literature l14 ]. -:-
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. The total aromatics percentages in the solvent-free extract products are plotted as a function of extraction temperature at constant solvent to feed ratios for both solvents in Fig. 5-7 , for three refinery platformates. If the extract purity is defined as the total percentage of aromatics in the solvent-free extract, then the highest purity is obtained when the solvent to feed ratio is unity. This observation is true for both DEG and sulfolane solvents. Figures 8-10 show p~rity as a function of solvent to feed ratio at constant temperature for the same three refinery platformates. Again it is seen that the highest purity corresponds to the lowest extraction temperature of 25°C for both solvents.
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Another observation that can be made from Fig. 5-10 is that diethylene glycol sol-. vent always gives higher purity than sulfolane. This observation is in contrast to the fact that sulfolane always gave, higher aromatics' yield than diethylene glycol, and that yield increased with temperature and solvent to feed ratio. Therefore, it can be clearly stated that increasing the solvent to feed ratio and/or temperature decreases the extract purity even though it increases the total aromatics yield. In other words, .
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::.~it although the \veight of extract increases with increasing temperature and/or solvent to feed ratio, the percentage of aromatics in the extract falls down due to the entry of non-aromatics into the extract products. This is because the increase in the temperature and/or solvent to feed ratio increases the solubility of non-aromatic hydrocarbons. T'his phenornenon is comlTIonly known as selectivity. Thus, the most important criteria for an effective extraction operation is that the extract phase should be large and have high aromatics purity. These criteria can be met by searching for the optimum operating conditions. When the selectivity of sulfolane was compared with that of diethylene glycol, it was observed that diethylene glycol was superior to suJfolane at all temperatures at which experiments were performed.
In Fig. 11 , values of the total aromatics percentage in the extract products were plotted versus percentage yield for the three different refinery platformates. From this figure, it is seen that the Petromin-Shell Refinery platformate giv.es the highest aromatic purity in addition to the highest yields. As for the other two, although the Jeddah Refinery platformate gives higher yields than that of the Riyadh Refinery, its 5o,----------------.., extract purity is less than Riyadh's Refinery. This can be explained in the following way: although the Jeddah Refinery platformate originally has a higher total aromatics content, its lighter aromatics contents, benzene and toluene, are lower than those of the Riyadh Refinery platformate. The solubilities of benzene and toluene in both solvents are high and hence they are more easily recovered than meta-, paraand ortho-xylenes during the extraction operations.
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Solvent capacity, which is defined as the ratio of the aromatics concentration in the solvent to the one in the raffinate phase, can also pay an equally important role in the choice of solvent. Experimental results in this work have shown that sulfolane has lower selectivity and higher capacity than diethylene glycol. In literature, it has also been confirmed that most solvents with high capacity have low selectivity and vice versa[ 2o l. In addition, economic evaluations have proven that solvent capacity has a much greater influence on the cost of production than does solvent selectivity. Because of its high melting point, ambient operational temperatures were observed to be less conducive for the miscibility of sulfolane with platformate than that of DEG.
Conclusion
The experimental results have shown that the extraction temperature and solvent to feed ratio affect both the yield and selectivity in contrasting manners. Increasing these variables have resulted in increase in the yields while the extract purities and thus the selectivities of the solvents have decreased. The higher yields are usually ob,.. tained at the expense of the operation economics as the cost of solvents and subsequent solvent operations increase. High solvent/feed ratios also resulted in better selectivity of lighter BTX aromatics, i.e., benzene and toluene.
For the two solvents used in this study, sulfolane always had higher solubilities for hydrocarbons than diethylene glycol, as demonstrated by the higher yields obtained. While the selectivity of sulfolane was higher for certain feed mixtures with a higher benzene and toluene content, the diethylene glycol had higher selectivity for other mixtures having a higher xylene isomers content.
The total BTX aromatics content in catalytically reformed naphthas industrially used for aromatics extraction, are in the range of 40-65%. Hence, the Petromin-Shell Refinery platformate with 63% B~aromatics is the most suitable for this purpose.
Considering yield and selectivity, pressure requirement due to hydrocarbon volatilities at high temperatures and solvent quantity to be employed, it can be recommended that sulfolane be used with operating temperatures in the vicinity of 60°C and a solvent/feed ratio of 3 for the extraction of such BTX hydrocarbons .
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